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DEVICES AND METHODS FOR REDUCING
INTRATHORACIC PRESSURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 15/424,253 filed Feb. 3, 2017 (now U.S. Pat.
No. 10,857,363), which 1s a continuation of International
Application No. PCT/US2015/047042 filed Aug. 26, 2015,
which claims the benefit of priority to U.S. Provisional
Application No. 62/041,987 filed Aug. 26, 2014, the con-
tents of each of which are incorporated herein by reference
in their entirety.

FIELD OF THE INVENTION

The present mnvention relates to treating heart failure (or
dysftunction) and other cardiovascular disorders. In particu-
lar, the present invention relates to treating heart failure
using one or more implantable or non-implantable sensors
along with phrenic nerve stimulation to reduce intrathoracic
pressure and thereby reduce pulmonary artery, atrial, renal,
and ventricular pressures leading to reduced complications
and hospitalization. The present invention targets treating
acute decompensated heart faillure (ADHF) utilizing a tem-
porary or removable catheter or electrode as well as a fully
chronic implantable device for long-term treatment of heart
failure and pulmonary hypertension patients.

BACKGROUND OF THE INVENTION

Heart failure 1s a complex disease with many forms and
causes. In general heart failure 1s defined as a condition
where the cardiac output 1s not adequate to meet the meta-
bolic needs of the body, either at rest or with exercise. Heart
tailure may be preceded by heart dysiunction, including, but
not limited to ventricular dysftunction.

There are two forms of heart failure, one where the hearts
ability to expel the blood 1s impaired (systolic heart failure),
another where there 1s a defect 1n ventricular filling (dia-
stolic heart failure). Each can occur 1n 1solation or together.

Current treatments for heart failure are available to slow
the progress of the disease but do not cure the disease.
Despite all the current therapeutic options, studies show that
more than half of heart failure patients die within 5 years of
their diagnosis.

Accordingly it would be desirable to provide new and
useiul treatments for heart failure or other cardiac/cardio-
vascular disease.

Pacemakers have been useful where there are cardiac
bradyarrhythmias. Defibrillators are primarily used to pre-
vent sudden cardiac death and therefore have not improved
the status of heart failure patients nor have they improved
quality of life. Cardiac Resychromization Therapy devices
(CRTs) have been useful or in patients with significant
interventricular delay or 1n preventing cardiac tachyarrhyth-
mias or sudden cardiac death (CRT-Ds). There are many
heart failure patients who may not substantially benefit from
one or more ol these treatments or may not have an
improved quality of life from such treatments. For example,
CRTs have not been approved for patients with ejections
fractions greater than 35% and thus are not available for
diastolic heart failure patients who typically have ejection
fractions greater than 50%, or for systolic patients with an
gjection fraction greater than 35%. Some studies show
diastolic heart failure to account for up to 14 of the patients
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presenting with heart failure. In addition, because the current
treatments do not cure heart failure, additional treatment that
may be used in combination with existing treatment may be
beneficial to the patients. Other devices such as temporary or
chronic implants stimulate the vagal nerve or cardiac plexus
nerves to reduce the heart rate and/or improve cardiac
contractility and achieve improved cardiac output.

Many of the drugs such as calcium channel blockers, beta
blockers, ACE inhibitors, diuretics, nitrates have had vary-
ing degrees of eflect on different manifestations of heart
failure. However, not all are usetful to treat all heart failure
patients. Furthermore, due to side eflects some patients
withdraw from treatment. Pharmacological therapeutic
approaches to diastolic heart failure currently recommend
diuretics and nitrates while the eflicacy 1s uncertain for all
diastolic heart failure patients with calctum channel block-
ers, beta blockers, ACE inhibitors. Inotropic agents are not
recommended for diastolic patients. Accordingly 1t would be
desirable to provide treatment for heart failure that may be
used alone or 1n combination with other heart failure treat-
ments. It would also be desirable to provide alternative or
supplementary treatment for diastolic heart failure patients.

Another cardiovascular condition that may exist with or

without heart failure i1s hypertension. Hypertension 1s
believed to worsen heart failure. It 1s also believed that
hypertension may lead to diastolic heart failure. Studies
have shown that treatment of hypertension reduces the
incidence of heart failure by 30% to 50%. Accordingly 1t
would be desirable to provide a treatment for hypertension.

In addition, a large percentage of heart failure patients
also sufler from one or more forms of sleep apnea: obstruc-
tive sleep apnea or central sleep apnea, (each of which have
significant clinical differences), or mixed apneas. These
conditions are believed to worsen progression of heart
tailure. Obstructive sleep apnea 1s also believed to contrib-
ute to the development of heart failure, particularly through
hypertension.

Oxygen desaturations at night, changes in intrathoracic
pressure, and arousals may adversely aflect cardiac function
and eventually result 1n an 1mbalance between myocardial
oxygen delivery and consumption. In heart failure patients
with sleep apnea, there 1s believed to be an increased
incidence of atrnial fibrillation, ventricular arrhythmias and
low left ventricular ejection fraction. Atnial fibrillation may
be caused in part by increased right heart afterload due to
hypoxic vasoconstriction which produces pulmonary hyper-
tension. Periodic breathing such as Cheyne-Stokes associ-
ated with CSA, create wide fluctuations in intrathoracic
pressure with a negative cardiovascular impact. Central
sleep apnea sometimes goes undiagnosed in heart failure
patients. The untreated central sleep apnea may trigger a
negative chain of events that leads to worsening of heart
failure.

Obstructive sleep apnea 1s believed to elicit a series of
mechanical, hemodynamic, chemical, neural and inflamma-
tory responses with adverse consequences for the cardio-
vascular system for example, as described 1n Sleep Apnea
and Heart Failure Part I: Obstructive Sleep Apnea. Bradley,
Douglas T, M D, Floras, John S., M D D Phil, Circulation
Apr. 1, 2003. Many of these eflects are believed to exacer-
bate conditions of heart failure. Among these responses,
increases in blood pressure as well as increases 1 sympa-
thetic activity are associated with obstructive apneas.
Obstructive sleep apnea also causes significant changes in
intrathoracic pressure during apneic episodes applying fur-
ther pressure on the heart.
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Accordingly 1t would be desirable to treat sleep apnea 1n
heart failure to reduce the negative eflects of the apnea on
the patient’s disease status.

CPAP 1s the most common treatment for obstructive sleep
apnea and has been proposed for central sleep apnea. CPAP
requires an external device and patient compliance. In
addition, 1ts cardiovascular etlects are currently unclear and
some researchers believe that 1t can exacerbate heart failure
in some patients, particularly where positive forced pressure
has a negative eflect on a heart failure patient, such as, for
example, 1 patients where a reduced ventricular filling
would significantly reduce cardiac output. Diaphragm
stimulation has been proposed to treat central sleep apnea by
stimulating when apnea has occurred. However, the stimu-
lation 1s provided after the apnea event has occurred rather
than preventing the apnea event. Hypoglossal nerve stimu-
lation has been proposed to treat obstructive sleep apnea by
increasing patency in the upper airway to allow respiration.

It would accordingly be desirable to provide a treatment
for sleep apnea that has a symbiotic therapeutic effect 1n
treating heart failure or other cardiac/cardiovascular disease.

It would further be desirable to provide a treatment for
heart failure patients with sleep apnea that provides a
separate or additional function of treating heart failure.

Research has shown that voluntary control of breathing
can improve cardiac disease, including hypertension and
heart failure. It 1s believed that the reason for this 1s a
biofeedback that exists between the cardiac and respiratory
systems due to baroreceptor based reflexes, and also a
common central nervous control. Biofeedback systems for
breathing control have been provided. However, they
require patient compliance and diligence. Furthermore,
because they require patient compliance, the therapy can
only occur during waking hours.

Heart failure 1s a chronic condition which leads to a
reduction 1n cardiac output and an increase in pulmonary
pressures which in turn leads to pulmonary congestion and
hospitalization. Yet various studies have shown significant
increases 1n stroke volume and cardiac output, particularly
in patients who have undergone a CABG procedure, when
negative extrathoracic pressure 1s reduced. For example,
results may be seen 1n further detail in the following:
Parker, J. et al, “Reducing Cardiac Filling Pressure Lowers

Norepinephrine Spillover 1n Patients With Chronic Hear

Failure”, Circulation, 2000; 101:2053-2059.
CHATURVEDI, R. et al., “Use of Negative Extrathoracic

Pressure to Improve Hemodynamics After Cardiac Sur-
gery”, The Annals of Thoracic Surgery, 2008; 85, pp.

1355-1360, 2008.

GOTTLIEB, I. et al., “Hypoxia, Not the Frequency of Sleep
Apnea, Induces Acute Hemodynamic Stress in Patients
With Chronic Heart Failure”, Journal of the American
College of Cardiology, Vol. 54, No. 18, pp. 1706-1712,
Oct. 27, 20009.

MERCHANT, F. et al., “Implantable Sensors for Heart
Failure”, Circulation: Arrhyvthmia and Electrophysiology,
2010; 3, pp. 657-6677, 2010.

BOCCHIARDO, M. et al., “Intracardiac impedance moni-
tors stroke volume in resynchromzation therapy patients”,
Furopace: Journal of the Furopean Heart Rhyvthm Asso-

ciation, (2010) 12, pp. 702-707, Feb. 25, 2010.
KASZALA, K. et al., “Device Sensing: Sensors and Algo-

rithms for Pacemakers and Implantable Cardioverter

Defibnillators”, Circulation, Journal of the American
Heart Association, 2010; 122, pp. 1328-1340, Sep. 28,

2010.
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LAU, C. et al, “Optimizing heart failure therapy with
implantable sensors”, Journal of Arrhythmia, 28(2012),

pp. 4-18, Mar. 9, 2012.

Each of these references 1s incorporated herein by refer-
ence 1n 1its entirety and for any purpose.

Previous attempts have been made to utilize an implant-
able medical device to stimulate a patient’s diaphragm to
aflect cardiac output. For instance, U.S. Pat. No. 7,277,757
to Casavant et al. discloses an implantable medical device
that stimulates a nerve, such as a phrenic nerve, associated
with respiration to cause a diaphragm of a patient to con-
tract. The implantable medical device receives a signal (e.g.,
detecting a ventricular tachyarrhythmia, sensing a pressure
that indicates a need for increased cardiac output, or receiv-
ing a signal from a patient via a patient activator) that
indicates a need for increased cardiac output and stimulates
the nerve 1n response to the signal. Stimulation of the nerve
may increase cardiac output ol a beating or defibrillating
heart.

However, Casavant et al. fails to disclosure pressure
sensing and creating lung volume with a reduction 1n
intrathoracic pressure. Moreover, Casavant synchronizes 1ts
stimulation to the pacing of the heart and increases the
amplitude of at least some of the pacing pulses rather than
providing for a sustainable stimulation over a continuous
period of time.

SUMMARY OF THE INVENTION

In accordance with the invention, stimulation 1s provided
to the diaphragm or phrenic nerve to elicit a diaphragm
response to thereby provide a therapeutic effect for a heart
failure or other cardiac or cardiovascular patient.

In accordance with one aspect of the invention, stimula-
tion to elicit a diaphragm response 1s provided to increase or
normalize lung volume and 1n particular to increase func-
tional residual capacity. It 1s believed that stimulation to
increase or to normalize lung volume or functional residual
capacity may have one or more eflects that may be thera-
peutic to cardiovascular or heart failure patients. Normaliz-
ing herein may include for example, bringing a physiologi-
cal parameter into a normal or healthy region for patients or
for a particular patient, or to a level appropriate for a
condition or state ol a patient.

In accordance with another aspect of the invention stimu-
lation 1s provided to control breathing to reduce respiration
rate and thereby reduce hypertension, reduce sympathetic
nerve bias, and/or provide improved blood gas levels.

In accordance with another aspect of the invention stimu-
lation 1s provided to control minute ventilation to therapeu-
tically eflect blood gas levels.

In accordance with another aspect of the invention, stimu-
lation 1s provided to create a deep inspiration or an increased
tidal volume to thereby reduce sympathetic nerve bias,
improve blood gas levels, stimulate reflexes for example the
Hering-Bruer retlex related to activating stretch receptors,
increase lung volume, normalize or reset breathing or pro-
vide other beneficial therapies to improve cardiovascular
function or heart failure condition.

In accordance with another aspect of the invention stimu-
lation may be provided to modulate intrathoracic pressure to
thereby produce a therapeutic effect. Modulation of 1ntratho-
racic pressure 1s expected to impact sympathetic activation
and improve heart conditions. It 1s known that in chronic
heart failure settings, increased cardiac filling pressures
and/or pulmonary pressures may cause a direct or indirect
reflex increase 1n sympathetic efferent outtlow to the heart.
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Therefore, a sustained reduction or average reduction 1in
intrathoracic pressure through modulation of intrathoracic
pressure could have an opposite eflect and reduce sympa-
thetic eflerent outtlow to the heart. One would expect to
reduce norepinephrine spillover through intrathoracic pres-
sure modulation which 1s beneficial to the heart failure
patient. Parker et al. used a lower body pressure chamber to
show certain reduction in body pressure leads to reduction 1n
cardiac filling pressures leading to reduction in norepineph-
rine spillover 1n acute setting. Longer term application this
therapy has potential to improve the heart failure and also
remodel the cardiac tissue.

The devices and methods described may achieve similar
results through various modes of phrenic nerve and/or
diaphragm stimulation. These stimulation modalities include
low-level stimulation overlapped with patient 1ntrinsic
breathing, diaphragm bias, breath augmentation, increase in
tidal volume, increase 1n 1spiration duration, deep nspira-
tion, breathing entrainment, manipulation of exhalation
period and volume, increasing and maintain resting lung
volume or functional residual capacity, sustained stimulation
during inspiration and/or exhalation, continuous stimulation,
stimulation synchronized with respiratory cycles, or cardiac
cycles, and/or duty-cycled type stimulation based on a
percentage of time, for example, 20% of the time during the
day or night and when patient 1s sleep or awake. The
duty-cycled type stimulation could be synchronized to a
respiratory cycle or not.

In accordance with another aspect of the invention, stimu-
lation may be provided to modulate intrathoracic pressure
targeting a sustained reduction 1n average central venous
pressure to eflectively reduce right arterial and right ven-
tricular pressures and pulmonary wedge pressure. Reduction
in right ventricular pressure in heart failure patients leads to
increase stroke volume and therefore cardiac output. The
sustained increase in cardiac output though reduction 1in
filling pressure will lead to reductions 1n pulmonary con-
gestion which 1s a major reason for acute heart failure
decompensation and therefore hospitalization. Some other
hemodynamic effects of this stimulation could be reduction
in heart rate as results of increased 1n cardiac output and/or
reduction in filling pressures.

In accordance with another aspect of the invention, stimu-
lation may be provided to modulate intrathoracic pressure
targeting a sustained or incremental reduction 1n renal pres-
sure or the average renal pressure to improve kidney func-
tion and filtration. Abnormal renal function is common in
acute and chronic heart failure. It 1s expected a change 1n
blood volume, cardiac filling pressures, central venous pres-
sure, atrial or ventricular pressures, cardiac output, and/or
hemodynamics intervention could lead to improvement of
renal function. Intrathoracic pressure modulation could have
an 1mpact on pressure within inferior and superior vena cava
as well as central venous pressures. Activation of renal
sympathetic activity through modulation and manipulation
ol these pressures could have an impact on kidney pressure
and blood transfer rate and ultimately kidney glomerular
filtration rate (GFR) and leading to reduction in kidney
tailure as well as reducing congestion or blood backing up
into the lungs through increased filtration. Any of the
mentioned phrenic nerve or diaphragm stimulation modali-
ties 1included 1n this application could be applied at various
situations depending on the need of the patient and sensed
parameters. Literature has shown that elevated cardiac fill-
ing pressures are associated with reduced GFR. Therefore
the present invention tries to reduce cardiac filling pressure
through phrenic nerve stimulation and to increase GFR.
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In accordance with another aspect of the mvention, intr-
athoracic pressure modulation could be used to treat patients
with pulmonary hypertension. Pulmonary hypertension 1s
result of increased pulmonary pressures. Reduction or
modulation of itrathoracic pressure could lead to reduction
or treatment of pulmonary hypertension.

In accordance with another aspect of the invention the
stimulation could be activated by the patient using an
external device. The stimulation could be also activated by
sensing increased physical activity through an activity sen-
sor or increased in heart rate or respiration rate or other
mechanism 1ndicating need for supplemental cardiac output
or reduction 1n filling pressures. For example, a thoracic or
lungs impedance sensor or a list of sensors including in the
referenced publication cold be used to activate stimulation to
deliver therapy to improve hemodynamics.

In accordance with another aspect of the invention stimu-
lation 1s provided to reduce breathing disorders to thereby
improve condition of a heart failure patient.

In accordance with another aspect of the invention a
combined cardiac rhythm management device including
leadless devices and diaphragm/phrenic nerve stimulation
device 1s provided to provide an enhanced combined treat-
ment device.

In accordance with another aspect of the mnvention, lead-
less phrenic nerve electrodes could be 1njected, delivered, or
placed 1n the vicinity of the phrenic nerve and stimulation
cold be performed through an external or integral pulse
generator. The sensor or sensors to synchronize the stimu-
lation could be also internal or external to the body.

In accordance with another aspect of the invention a
combined vagal nerve, hypoglossal nerve, or cardiac plexus
stimulation management device and diaphragm/phrenic
nerve stimulation device 1s provided to provide an enhanced
combined treatment device.

The system may also be utilized to provide a continuous
or synchronized low level stimulation to the phrenic nerve or
diaphragm overlapped with the patient’s own 1ntrinsic
breathing to reduce an intrathoracic pressure and improve
cardiac output. The patient’s SaO2 levels may also be
improved and the heart and respiration rates may be reduced.

Various mapping and/or neurostimulating electrodes may
be utilized with the methods and devices described herein.
For instance, such mapping and/or neurostimulating elec-
trodes may be employed in conjunction with a cardiac
pacemaking or defibrillation lead and more particularly a
mapping and neurostimulation electrodes employed over the
cardiac pacemaking or defibrillation lead while the cardiac
lead 1s either 1 vivo and resident within the vascular
structure. These electrodes may be placed simultaneously
with neurostimulation electrodes or leads. The mapping and
neurostimulation electrodes used in conjunction with the
cardiac pacemaking or defibrillation lead herein 1s referred
to as the mapping and neurostimulation electrodes.

The mapping and neurostimulation electrodes may be
employed 1n conjunction with a cardiac lead and for inter-
ventional therapy such as neurostimulation to patients who
have already had a cardiac lead installed.

Such electrodes also overcome many of the problems that
exist with conventional cardiac leads or cardiac leads with
integral neurostimulation electrodes. If a patient has been
implanted with an existing, conventional cardiac lead and
that same patient requires additional interventional neuro-
stimulation at any point after the existing cardiac lead has
been implanted, the original cardiac lead must be explanted
and the entire cardiac lead must be replaced. The electrodes
described herein may be installed over the excising cardiac
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lead and advanced down the cardiac lead body ito a
therapeutic position without removing or re-positioning the

existing cardiac lead.

In addition, a conventional cardiac lead with integral
neurostimulation electrodes, whether the neurostimulation
clectrodes are integral to the cardiac lead or whether the
neurostimulation electrodes are sutured onto the cardiac
lead, typically must be installed concurrently when the
cardiac lead 1s originally installed into the patient. The
relationship between the neurostimulation electrode and the
cardiac electrode 1s fixed prior to implant and therefore
positioning for either the neurostimulation electrodes or the
cardiac electrode 1s sub-optimal.

Yet the electrodes described herein are completely inde-
pendent and mobile and have the ability to be installed over
an existing cardiac lead. Moreover, the mapping and neu-
rostimulation electrodes can be positioned independently of
the cardiac electrodes. This independent positioning ability
allows for both mapping and neuro-stimulating electrodes as
well as the cardiac electrode’s positioming to be optimized.

The temporary or chronic mapping and neurostimulation
clectrodes could be inserted through several approaches
including femoral, radial, right or left Subclavien veins or
right or left jugular veins or in other transvenous approaches
placed 1n veins or arteries overlapping right or left phrenic
nerve. Some e¢lectrode systems/catheters could map and
stimulate both phrenic nerves through transvenous
approaches. In cases where there are needs for both phrenic
nerves to be stimulated simultaneously, with delays, or in
sequence, a single electrode/leads system or two electrode/
leads systems could be deployed.

Lastly, a conventional cardiac lead with integral neuro-
stimulation electrodes or neurostimulation electrodes
sutured onto the cardiac lead body are 1so-diametric and are
aligned randomly. The random alignment could limait
therapy because the electrical field if not focused towards
the neural anatomy as the electrodes will not energize the
nerve. The electrodes described herein are designed to
deploy the neurostimulation electrodes and bias the neuro-
stimulation electrode towards the vessel wall and 1n a
position that 1s tangent to the neural anatomy residing
outside the vessel wall. The biased or focused neurostimu-
lation electrodes assure the electrical field induced by the
neurostimulation electrodes 1s optimized towards the neural
anatomy.

These and other aspects of the mvention are set forth
herein 1n the abstract, specification and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a chart illustrating examples of possible
beneficial effects of stimulation 1n accordance with an aspect
of the mvention.

FIG. 1B 1s a pressure volume curve illustrating use of
stimulation 1n accordance with an aspect of the mvention.

FIGS. 2A, 2B and 2C illustrate respectively, tlow, tidal
volume and stimulation envelope signals corresponding to
use of a device and method 1n accordance with an aspect of
the 1nvention.

FIGS. 3A, 3B, 3C and 3D illustrate respectively, EMG,
flow, tidal volume and stimulation envelope signals corre-
sponding to use of a device and method in accordance with
an aspect ol the mvention.

FIGS. 4A, 4B, and 4C illustrate respectively, flow, tidal
volume and stimulation envelope signals corresponding to
use of a device and method 1n accordance with an aspect of
the 1nvention.
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FIGS. 5A, 5B, and 5C 1illustrate respectively, flow, tidal
volume and stimulation envelope signals corresponding to

use of a device and method 1n accordance with an aspect of
the 1nvention.

FIG. 6 1s an 1sometric view of a mapping electrodes
mounted on a mobile sleeve which 1s descending over a
cardiac lead;

FIG. 7 1s an 1sometric view of a mapping electrodes
mounted on a mobile sleeve which 1s descending over a
cardiac lead and includes deployed neuro-stimulation elec-
trodes;

FIG. 8 1s an enlarged 1sometric view of mapping elec-
trodes mounted on a mobile sleeve including neuro-stimu-
lating electrodes deployed on an expandable wire member;

FIG. 9A 1s an exemplary side view of a neuro-stimulation
clectrode deployed, e.g., in a subclavian vein.

FIGS. 9B and 9C show detail side views of one mecha-
nism for deploying the electrodes.

FIG. 10 1s a detaill side view of a neuro-stimulation
clectrode.

DETAILED DESCRIPTION OF TH.
INVENTION

(1]

In accordance with one aspect of the invention, stimula-
tion to elicit a diaphragm response 1s provided to increase or
normalize lung volume and 1n particular to increase func-
tional residual capacity. It 1s believed that stimulation to
increase or to normalize lung volume or functional residual
capacity may have one or more eflects that may be thera-
peutic to cardiovascular or heart failure patients.

In accordance with this aspect of the invention stimulation
may be provided using a device or method as described in
one or more of the related patent applications set forth
herein, to 1increase or normalize lung volume or functional
residual capacity. For example, a bias stimulation may be
provided to increase functional residual capacity or to bias
lung volume for a period of time. It 1s believed that increas-
ing functional residual capacity may have one or more
therapeutic effects for heart failure or other cardiovascular
patients, such as, for example, reducing efiort required to
breathe; improving gas exchange, improving SaO2 levels;
providing a builer to reduce fluctuations in blood gas levels
and to reduce the likelihood of crossing the PCO2 apneic
threshold; and reducing episodes of obstructive apnea in
OSA patients and central sleep apnea episodes. Such buller
may also stabilize blood gases to counter fluctuations in gas
levels caused by circulatory delay that may lead to Cheyne-
Stokes respiration and Central Sleep Apnea. Other stimula-
tion may be provided to achieve improved SaO2 levels or
gas levels, for example, as set forth 1n the related patent
applications which are incorporated completely and without
limitation herein by reference. Other stimulation may be
provided that may have the effect of normalizing lung
volume, including but not limited to low frequency stimu-
lation, low energy stimulation, or deep inspiration stimula-
tion. These various stimulation techniques may also be
provided or configured to have the effect of increasing SaO?2
levels to reduce load on the heart and cardiac filling pres-
Sures.

FIG. 1A illustrates stimulation provided with a device or
method 1n accordance with the invention. Stimulation 1s
provided using a device or method for stimulating tissue to
clicit a diaphragm response 1000. Stimulation increases or
normalizes lung volume or FRC 1001. The increase or
normalization or lung volume may improve gas exchange;
increase Sa02, and/or improve breathing stability 1002. The
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increase or normalization of lung volume or FRC may move
a patient to a more optimal location on the volume pressure
curve 1003 as described in more detail with respect to FIG.
1B. Providing stimulation to increase FRC may also allow
improved gas exchange during pulmonary edema where
lung intlation creates a gradient for liquid movement from
alveolar space to the extra-interstitium 1004. It 1s believed
that moving fluids to the interstitial space will improve
ventilation because removal of fluids from the alveolar

region will permit improved gas exchange. An increase or
normalization of lung volume or FRC may also treat OSA or
CSA 1n patients with OSA (obstructive sleep apnea) or CSA
(central sleep apnea) and thereby benefit the cardiovascular
system 1005. For example, one or more devices and meth-
ods described in copending patent applications set forth
above may be used to treat OSA or CSA. Increased or
normalized lung volume, FRC, increased inspiration dura-
tion or elongated exhalation period all lead to reduction in
average, sustained, or instantaneous intrathoracic pressures
leading to improved cardiac, pulmonary, and renal pressures
all stmultaneously lead to reduction or prevention of pul-
monary congestion.

FIG. 1B 1illustrates a pressure/volume curve 1010 illus-
trating a relationship between transthoracic pressure and
lung volume. This example 1llustrates, among other things
how stimulation may be provided to reduce breathing effort
and/or intrathoracic pressure change for a given 1nspiration
volume. At lower lung volumes 1011, a greater change in
pressure 1s required to increase lung volume a given amount
through inspiration, thus providing a greater work of breath-
ing and thereby increasing metabolic requirements and load
on heart as well. Stmilarly at higher lung volumes 1013,
greater change 1n pressure and eflort are required to increase
lung volume through inspiration. However, 1n between the
lower volumes 1011 and higher volumes 1013 there 1s a
steeper portion of the curve 1012 where at a given lung
volume, inspiration produces an eflicient increase 1n lung
volume with less change in pressure required to eflect a
given volume and therefore less effort required by the
respiratory muscles to produce a given change in pressure.
It 1s believed that an increase 1n required eflort to breathe
may result in poorer breathing or less eflort and gas
exchange, particularly in heart failure patients. It 1s also
believed that greater fluctuations in intrathoracic pressure
may contribute the conditions aflecting heart failure. Thus in
accordance with one aspect of the mvention, stimulation
may be provided to increase resting lung volume so that
greater breathing efliciency and gas exchange 1s provided.
Where a patient’s normal resting lung volume or functional
residual capacity 1s typically low, 1t may be increased.
Where a patient’s resting lung volume 1s lower than normal
for a healthy individual, 1t may be normalized so that it 1s
brought to a level where eflicient breathing occurs. For
example a low lung volume 1014 may be increased to higher
lung volumes 1015 or 1016 which are at an eflicient volume
1012 on the pressure volume curve 1010.

Stimulation may be provided on a sustained or intermit-
tent basis. Stimulation may be provided when a patient 1s
asleep or awake. In accordance with one aspect of the
invention, stimulation 1s provided to compensate for lung
volume lost at the onset of sleep or during sleep. In accor-
dance with one aspect of the invention the stimulator may be
turned on by the patient prior to sleeping or may be triggered
by a sensed parameter or real time clock. A sensor may be
used to sense one or more physiological parameters indi-
cating onset or a specific stage of sleep. Other sensors may
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sense one or more conditions that may be used to determine
appropriate times or parameters for stimulation.

In accordance with another aspect of the invention stimu-
lation 1s provided to control breathing to reduce respiration
rate and thereby improve, prevent or slow cardiac disease by
reducing hypertension, reducing sympathetic nerve activa-
tion, providing SaO2 levels, and/or increasing cardiac out-
put. It 1s believed that lowering breathing rate will provide
a decrease 1n cardiac rate, and an enhanced vagal response.

In accordance with one aspect of the invention, breathing
rate may be controlled by augmenting breathing or stimu-
lating during intrinsic breathing to increase peak tidal vol-
ume and/or to increase mnspiration duration. Increasing the
duration of inspiration or tidal volume 1t 1s believed will
cause the timing of the next intrinsic breath to be delayed
due to the central nervous controller tendency to maintain
minute ventilation i1n absence of any change at the
chemoreceptor level. The rate may be continuously slowed
by detecting each intrinsic breath and providing stimulation
or augmenting until the duration of inspiration, tidal volume
or exhalation rate 1s at a level that brings the breathing rate
to a desired rate which 1s reduced by the central nervous
control of minute ventilation.

FIGS. 2A to 2C illustrate stimulation during intrinsic
breathing 1n accordance with one aspect of the invention.
FI1G. 2A 1llustrates flow for breaths 201, 202, 203, 204 and
205. FIG. 2B illustrates tidal volume of breaths 201, 202,
203, 204, and 205. Breaths 201, 202 are intrinsic breaths.
Breaths 203, 204, and 205 are intrinsic breaths that are
augmented by stimulation configured to elicit a diaphragm
response as 1llustrated schematically by stimulation markers
213, 214, and 215.

Stimulation 1s 1mtiated at a period of time during inspi-
ration and 1s provided for a period a time 1 a manner
configured to increase tidal volume. Stimulation during
intrinsic breathing and augmenting breathing are described
in one or more related applications as set forth herein which
are incorporated completely and without limitation herein by
reference. The tidal volume TV2 of the breaths 203, 204,
205 where 1nspiration 1s augmented 1s greater than the tidal
volume TV1 of the intrinsic breaths 201, 202. According to
one variation, the peak flow during stimulation P12 may be
configured as shown to be close to the peak flow P11l during
intrinsic breathing. The inspiration duration TI1 of intrinsic
breathing 1s shorter than the inspiration duration TI2 of
augmented breaths 203, 204, 205. The duration TD1 of
intrinsic breathing 1s increased to duration TD2 and with
stimulation signals 213 214, 215, to achieve a desired rate.

In accordance with another aspect of the invention, stimu-
lation during intrinsic breathing may be provided to inhibat
or delay onset of next mspiration. According to an aspect,
stimulation may be provided during exhalation to inhibit or
delay onset of an inspiration thereby slowing breathing rate.
According to an aspect, stimulation may be provided to
extend exhalation thereby delaying the onset of a subsequent
inspiration. According to an aspect, stimulation may be
provided at a low energy, low level or low frequency to
inhibit onset of an inspiration, thereby slowing breathing
rate. Examples of low energy, low level and/or low fre-
quency stimulation are set forth in the related applications
herein.

The rate of intrinsic breathing may be controlled by
delaying intrinsic breaths with low energy (for example a
lower amplitude, frequency and/or pulse width than desired
for paced breathing) diaphragm stimulation provided during
intrinsic breathing.
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According to one aspect, low energy stimulation may be
provided during intrinsic breathing, delaying onset of the
next breath and thereby slowing breathing rate. According to
another aspect, stimulation may be mitiated sutliciently prior
to the onset of the next breath so as to reduce the likelihood
that the stimulation would trigger a breath. A combination of
lower energy stimulation and timing the stimulation suih-
ciently prior to the onset of the next breath may be used to
slow breathing rate.

FIGS. 3A to 3D illustrate stimulation provided to slow
breathing in accordance with one aspect of the invention.
FIG. 3A illustrates intrinsic diaphragm EMG activity cor-
responding to breaths 301 through 307. FIGS. 3B and 3C
respectively illustrate flow and tidal volume corresponding,
to breaths 301 through 307. FIG. 3D illustrates stimulation
envelopes corresponding to stimulation signals 313, 314,
315, 316, and 317 provided prior to onset of breaths 303,
304, 305, 306, and 307 respectively. Stimulation 313, 314,
315, 316, 317 1s provided prior to the onset of breath 303,
304, 305, 306, 307 respectively, as determined, for example,
by a model that predicts the onset of breathing or by the
actual detection of the intrinsic diaphragm EMG activity
(FIG. 3A). Stimulation 1s sustained for a period of time. For
example, the stimulation may be provided until the onset of
the intrinsic breath 1s detected by the EMG or other physi-
ological signals. As 1llustrated, the stimulation increases the
duration of a respiration cycle T2 with respect to the
duration T1 of an intrinsic breathing cycle. As further
illustrated, 1ntrinsic breathing cycles 303 to 307 may have
greater tlow or tidal volume to compensate for the slower
breathing rate that 1s induced by the stimulation.

In accordance with another aspect of the invention, stimu-
lation to increase tidal volume or mnspiration duration may
be provided 1n combination with stimulation during exha-
lation to i1nhibit or delay the onset of the next mspiration.

In accordance with another aspect of the invention stimu-
lation may be provided to delay exhalation by stimulating at
the end of spiration at a level that slows exhalation. Such
stimulation may be provided by stimulating during intrinsic
breathing or by providing paced breathing for example that
maintains minute ventilation while providing a slower rate
ol breathing.

FIGS. 4A-4C 1illustrate stimulation during intrinsic

breathing 1n accordance with one aspect of the invention.
FIG. 4A 1llustrates flow for breaths 401, 402, 403, 404 and

405. FIG. 4B 1illustrates tidal volume of breaths 401, 402,
403, 404 and 405. Breaths 401, 402 are intrinsic breaths.
Breaths 403, 404, and 405 are intrinsic breaths that are
augmented by stimulation configured to elicit a diaphragm
response as 1llustrated schematically by stimulation markers
413, 414, and 415. Stimulation 1s initiated at a period of time
at the end of inspiration and 1s provided for a period a time
through the exhalation period. Detection and stimulation
techniques are set forth, for example 1n related applications
hereto. Stimulation may be provided at a low energy level
including at a low frequency. Stimulation during intrinsic
breathing and augmenting breathing, low level and/or low
frequency are described 1n one or more related applications
as set forth herein which are incorporated completely and
without limitation herein by reference. The peak tlow during
stimulation Pib may be greater than the peak tlow Pia during
intrinsic breaths 401, 402 as illustrated. The peak flow
during stimulation Pib may be also not be greater than the
peak flow Pla during intrinsic breaths 401, 402. Similarly
tidal volume Tb 1s for breaths 404, 405 after stimulation 413
and 414 respectively. Such greater tlow or tidal volume may
intrinsically compensate for the slower breathing rate that 1s
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induced by the stimulation. It 1s believed that stimulation
during exhalation inhibits or delays onset of inspiration. The
stimulation also slows exhalation (1.e., during the period
which exhalation 1s occurring at a relatively faster rate) so
that the exhalation duration TEb during stimulation 1s
greater than the intrinsic exhalation duration TEa. Exhala-
tion 1s slowed by stimulation thus slowing the overall rate of
breathing. The duration of the intrinsic breathing respiration
cycle TDa 1s increased to duration TDb during stimulation,
thus reducing the breathing rate to a desired rate.
Stimulation may also be provided to slow or control
breathing rate 1n a manner that provides a paced breath with

controlled exhalation as 1llustrated for example 1n U.S. Pat.
Nos. 8,412,331 and 8,200,336.

FIGS. 5A to 3C illustrate stimulation used to control
breathing and breathing rate in accordance with the iven-
tion. Breaths 501 and 502 are intrinsic breaths occurring at
a rate such that the duration of the respiration cycle 1s T
and having tidal volume TV1 and peak flow PFi1. Breaths
503, 504 and 505 are paced breaths with higher tidal volume

TVp and peak flow PFp. Peak flow PFp may be controlled
to be at a level substantially the same as, higher, or lower
than intrinsic peak flow. Paced breathing i1s provided 1n a
manner 1 which breathing 1s controlled or taken over by
stimulated breathing. Examples of techmiques for controlling,
breathing, respiratory drive and/or taking over breathing are
set Torth 1n related applications incorporated completely and
without limitation herein by reference. In general greater
tidal volume permits a reduction in breathing rate or an
increase 1n duration of breathing cycle to TD11 while main-
taining minute ventilation. FIG. 5C illustrates stimulation
envelopes 513, 514, 515 respectively corresponding to
stimulated breaths 503, 504, 505.

In accordance with another aspect of the invention stimu-
lation 1s provided to control minute ventilation to therapeu-
tically affect blood gas levels. Examples of controlling
minute ventilation are set forth for example 1n U.S. Pat. No.
8,412,331. Such stimulation may be provided, for example,
during sleep to thereby increase or normalize SaO2 levels
during sleep. In accordance with one aspect of the invention
minute ventilation 1s controlled to normalize SaO2 levels
while not decreasing PaCO2 levels close to the apneic
threshold. According to this aspect minute ventilation may
be actively controlled using sensors to sense SaO2 or PaCO2
levels. Weaning ofl of pacing may be desirable to imnsure that
the mtrinsic drive to breath 1s still present. Paced breathing
may be calibrated, for example at implant or adjusted during
device use, so that the device 1s able to provide the appro-
priate minute ventilation at each pacing setting. This infor-
mation may be obtained for example through sleep studies
where the device 1s designed to provide stimulation during
sleep.

In accordance with another aspect of the invention, stimu-
lation 1s provided to create a deep inspiration or an increased
tidal volume to thereby reduce sympathetic nerve bias,
improve blood gas levels, stimulate reflexes (for example
the Hering-Bruer reflex related to activating stretch recep-
tors), icrease lung volume, normalize or reset breathing
(one or more parameters) or provide other beneficial thera-
pies to improve cardiovascular function or heart failure
condition.

Examples of creating deep mspiration are set forth in US
Patent Application Publication No. 2006/0167523. While
these examples refer to using deep 1nspiration to treat apnea,
similar techniques for stimulation may be used to create
deep inspiration breaths for improving cardiovascular func-
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tion or treating heart failure. Stimulation may be provided
during intrinsic inspiration or 1 between inspiration cycles.

In accordance with another aspect of the invention stimu-
lation may be provided to manipulate intrathoracic pressure
to thereby produce a therapeutic eflect.

According to one embodiment, stimulation 1s provided to
reduce intrathoracic pressure through mduced contraction of
the right and/or left hemidiaphragm. It 1s believed that for
some patients, reduction 1n intrathoracic pressure may have
a beneficial eflect on the patient’s cardiovascular function or
condition. For example, a reduced intrathoracic pressure
may 1ncrease stroke volume at least in part through a
decrease 1n central venous pressure; and reduce pulmonary
arterial and wedge pressures in relation to atmospheric. A
reduced intrathoracic pressure may also provide a decrease
in filling pressure 1n the right ventricle and may also thereby
improve systemic venous return. A reduced intrathoracic
pressure may also provide better coronary artery perfusion.

In accordance with one aspect of the invention, patients
with heart failure manifesting 1n poor ventricular filling may
be treated with stimulation to reduce intrathoracic pressure.
In accordance with one aspect of the invention, patients with
diastolic heart failure may be treated with stimulation to
reduce intrathoracic pressure. In accordance with another
aspect of the invention stimulation to reduce intrathoracic
pressure may be provided to patients who are hypovolemic
where the therapeutic effects of improved ventricular filling
and venous return would be particularly beneficial.

According one aspect of the mvention stimulation 1s
provided to elicit a diaphragm response to cause a reduced
intrathoracic pressure. The stimulation 1s provided at a level
that does not elicit a breath, 1n other words, where 1ntrinsic
breathing continues to occur. Examples of stimulation such
as bias stimulation and low energy or low frequency stimu-
lation are described 1n related applications set forth herein.
The stimulation eliciting a reduced intrathoracic pressure
may be sustained or intermittent. Stimulation 1s preferably
provided when a patient 1s sleeping but may also be provided
when a patient 1s awake.

In accordance with one aspect of the invention, stimula-
tion may be provided to one hemidiaphragm to elicit a more
impactiul change 1n intrathoracic pressure 1n the respective
side of the thoracic cavity. For example the right hemidi-
aphragm may be stimulated 1n such a way to cause a reduced
intrathoracic pressure primarily 1n the right thoracic cavity
to thereby eflect the right side of the heart to a greater degree
than the left. Or stimulating unilaterally on the diaphragm
may serve to minimize the pressure changes that the heart 1s
exposed to. This may be beneficial when an increased lung
volume 1s desired to treat OSA or CSA. Sensors may be used
to sense arterial and venous blood volume so that stimula-
tion may be adjusted based on patient’s blood volume state.
For example, stimulation may be increased or turned on
when the patient 1s in a hypovolemic state where 1 a
particular patient a greater benefit would be produced with
a more negative intrathoracic pressure. Such sensors may
include, for example, impedance (plethysmography) sensors
used to monitor fluid levels 1n the body. Separate electrodes,
or existing stimulation electrodes may be used in a configu-
ration or with frequencies that can determine resistance
and/or reactance. Fluid volume changes may, for example,
be monitored based on a baseline established with the
sensors and a hyper or hypo volemic state may be detected.
A list of possible sensors are described 1n the references
above.

In accordance with another aspect of the invention, stimu-
lation 1s provided to elicit a diaphragm response that
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improves heart failure as described above 1n combination
with treating sleep disorders that contribute to or worsen
heart failure. Accordingly, stimulation 1s provided as
described 1n the related patent applications set forth herein,
to elicit a diaphragm response to thereby reduce breathing
disorders to thereby improve condition of a heart failure
patient. One or more specific methods of reducing sleep
disordered breathing events and preventing sleep disordered
breathing are described 1n related applications as set forth
heremn. In accordance with one aspect of the invention,
stimulation 1s provided prior to a physiological trigger of a
central or obstructive sleep apnea event 1n a manner that
reduces the occurrence of such events, thus reducing the
cllects of apnea events that worsen heart failure.

In accordance with another aspect of the mnvention a
combined cardiac rhythm management device and dia-
phragm/phrenic nerve stimulation device 1s provided to
provide an enhanced combined treatment device. In accor-
dance with this aspect of the invention, the diaphragm
stimulation element may comprise an abdominally placed
stimulator positioned on the diaphragm or phrenic nerve, a
thoracoscopically placed stimulator positioned on the dia-
phragm or phrenic nerve, a phrenic nerve stimulator posi-
tioned 1n the neck region on or adjacent the phrenic nerve
(transcutaneous, percutaneous, or otherwise implanted);
transcutaneous stimulation of the diaphragm through leads
at or near the ziphoid region (this may be in combination
with a defibrillator function or device that 1s configured for
subcutaneous stimulation of the heart); or a pectorally
positioned lead, for example, placed transvenously 1n a vein
or artery 1n proximity of one or both phrenic nerves.

The system may be further enhanced through the ability
to avoid negative device/device interactions where a sepa-
rate controller 1s used, e.g. for a CRT, pacemaker, ICD or
other therapeutic electrical stimulation device. The system
may also provide arrhythmia and sleep disorder detection
algorithms through sensing of both the cardiac and respira-
tion cycles.

The system may also be included in a combination with
a CRM device having a common controller.

Additionally, the system may also be utilized to provide
a continuous or synchronized low level stimulation to the
phrenic nerve or diaphragm overlapped with the patient’s
own 1ntrinsic breathing to reduce an intrathoracic pressure
and improve cardiac output. The patient’s Sa0O2 levels may
also be improved and the heart and respiration rates may be
reduced.

This may be achueved 1n part by sensing and/or monitor-
ing the patient’s intrathoracic pressure levels and applying
the continuous or synchronized stimulation, as described
herein, to reduce or alleviate the patient’s elevated 1ntratho-
racic pressure. In applying the stimulation to the patient’s
phrenic nerve or diaphragm, any of the sensing and stimu-
lation devices and methods described 1n the following may
be utilized for applying the continuous or synchronized low
level stimulation: U.S. Patent Application Ser. No. 61/893,
404 filed Oct. 21, 2013; 60/925,024 filed Apr. 18, 2007; Ser.
No. 13/598,284 filed Aug. 29, 2012 (US Patent Application
Publication No. 2012/0323293); Ser. No. 12/082,057 filed
Apr. 8, 2008 (now U.S. Pat. No. 8,263,759); Ser. No.
12/069,823 filed Feb. 13, 2008 (US Patent Application
Publication No. 2008/0215106); Ser. No. 12/044,932 filed
Dec. 21, 2007 (now U.S. Pat. No. 8,369,398); Ser. No.
11/981,342 filed Oct. 31, 2007 (now U.S. Pat. No. 8,140,
164); Ser. No. 11/480,074 filed Jun. 29, 2006 (now U.S. Pat.
No. 8,160,711); Ser. No. 11/271,315 filed Nov. 10, 2005
(now U.S. Pat. No. 8,244,338); Ser. No. 11/271,554 filed
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Nov. 10, 2005 (now U.S. Pat. No. 9,259,573); Ser. No.
11/271,353 filed Nov. 10, 2005; Ser. No. 11/271,264 filed
Nov. 10, 2005 (now U.S. Pat. No. 7,979,128); Ser. No.
11/271,726 filed Nov. 10, 2005 (now U.S. Pat. No. 7,970,
4'75); Ser. No. 10/966,487 filed Oct. 15, 2004 (US Patent
Application Publication No. 2005/0085734); Ser. No.
10/966,484 filed Oct. 15, 2004 (US Patent Application
Publication No. 2005/0085869); Ser. No. 10/966,421 filed
Oct. 15, 2004 (now U.S. Pat. No. 8,412,331; 10/966,472
filed Oct. 15, 2004 (now U.S. Pat. No. 8,200,336); Ser. No.
10/686,891 filed Oct. 15, 2003 (now U.S. Pat. No. 8,467,
876). Each of these applications 1s incorporated completely
and without limitation herein by reference for any purpose.

Recent sensors and blood pressure and impedance sensing,
technologies have proven detecting worsening of heart fail-
ure as discussed in the Appendix below. The Appendix 1s
incorporated herein by reference i 1ts enftirety for any
purpose. A majority of these sensors monitor blood pres-
sures within the pulmonary artery, rnight ventricle, leit
atrium, intrathoracic, or utilizing ventricular contractions or
thoracic impedance to measure and momtor changes that
could lead to heart hemodynamics decompensation or wors-
ening and eventually hospitalization. These devices gener-
ally transmit a wireless signal through the sensor or a device
that they are attached to the patient or caregiver for inter-
vention that incudes medication therapy or lifestyle or
physician visit. However, none of these sensor technologies
have offered a real-time therapy within the implantable
device to improve cardiac output and also reduce intratho-
racic, pulmonary, or cardiac pressures.

As described 1n the Appendix and herein, the implantable
devices also include at least one phrenic nerve or diaphragm
stimulation lead or electrodes to deliver therapy either
reactively (in response to sensors and programmed param-
eters outcome) or proactively as determined duty cycle of a
patient-induced event. Upon detection of an increase in
pressures, the device may deliver stimulation 1 such a
manner to reduce intrathoracic pressure and related pulmo-
nary and cardiac pressures. Such therapy 1s expected to
reduce pulmonary congestion and dyspnea in heart failure
patients.

Another application of this device/technology 1s to
improve cardiac hemodynamics by increasing venous return
and cardiac output.

Another application of this technology includes applying
negative pressure therapy even in the absence of increased
pressures and to improve cardiac output and off-loading the
heart. In the long-term, the heart could remodel and improve
contractility on its own.

The implantable sensor could receive energy from outside
the body such as the CardioMEMS pulmonary pressure
sensor and then receive commands to stimulation phrenic
nerve to reduce pressures and increase cardiac output. The
stimulation electrodes could be also activated from outside
the body.

Another application of this device 1s treating central and
obstructive sleep apnea as described 1n further detail 1n the
patent applications incorporated hereinabove.

Such devices could also synchronize 1ts stimulation of the
phrenic nerve to cardiac cycles such systole or diastole.
However, in order to achieve sustained reduction in pulmo-
nary or atrial pressures, a sustained stimulation that 1s
synchronized to respiration cycles and also cardiac cycles
may be provided. Intrathoracic pressure 1s lowest at the peak
of ispiration and therefore while 1t 1s possible to stimulate,
the stimulation applied toward the end of inspiration and/or
part of or the entire exhalation phase may be more eflicient.
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The stimulation algorithm could be targeted toward mul-
tiple benefits/targets. At the time of device implant, the
algorithms for each target could be titrated and thresholds
could be established per patient:

1. Proactive stimulation during sleep or awake to increase
cardiac output 1n diastolic or systolic heart failure
patients;

a. Device will self-adjust stimulation relative to the
need for certain cardiac output increase;

2. Responsive therapy where the device monitors pres-
sures or cardiac and intrathoracic impedances or car-
diac output and therefore responds to need to reduce
intrathoracic pressure;

. Responsive device to increase cardiac output;

. Responsive device to increase lung volume;

. Integrated with any CRM device; pacemaker, defibril-
lator, cardiac resynchronization therapy (CRT);

6. Integrated with other heart failure devices such as vagal
nerve stimulation or others;

7. Integrated with sleep apnea therapy devices including
hypoglossal nerve stimulation devices.

8. Responsive therapy device to improve kidney function
or improve GFR

9. Responsive device to reduce pulmonary pressures and
pulmonary congestions

In one example, because the algorithms for each target are
able to be titrated, the phrenic nerve or diaphragm tissue
may be stimulated to cause a titratable diaphragm contrac-
tion such that an initial pressure within a thoracic chamber
1s reduced. In another example, the phrenic nerve or dia-
phragm tissue may be stimulated to improve a cardiac output
in titratable manner as well.

In stimulating the phrenic nerve or diaphragm as well as
monitoring the patient’s intrathoracic pressure, as described
herein, the electrodes may be utilized in combination with or
integral to a cardiac lead. Such electrodes are described 1n
turther detail 1n U.S. Patent Application Ser. No. 61/893,404
filed Oct. 21, 2013, which has been incorporated by refer-
ence hereinabove in its entirety and for any purpose.

The mapping and neurostimulation electrodes presented
herein are mntended to be used 1n conjunction with or integral
to a cardiac lead. They could also be an independent lead.
The mapping electrodes mounted on the sleeve 1s intended
to traverse the cardiac lead, provide specificity to specific
neural activation points within the vascular structure where
neural anatomy resides adjacent to the vascular structure,
such as the phrenic or vagus nerve. Once the targeted nerve
anatomy 1s 1dentified by the mapping electrodes, the neuro-
stimulation electrodes can be arranged or deployed within
the vascular structure and adjacent to the neural anatomy
such that the electrodes provides the desired neurostimula-
tion therapy.

FIG. 6 illustrates an embodiment of a mapping sleeve 601
that includes at minimum one but in this embodiment plural
mapping e¢lectrodes 602, traversing a cardiac lead 600. The
mapping sleeve 601 1n this embodiment 1s 1nserted over the
cardiac lead 600 at the proximal end of the lead and
advanced along the cardiac lead body to a position 1n which
the mapping electrodes 602 are arranged to activate neural
anatomy.

The mapping sleeve 601 may be constructed of a bio-
stable polymer, silicone rubber, or other insulation matenals
suitable for 1solating a plurality of electrodes. The mapping
clectrodes 602 may be constructed of platinum or platinum
alloys but in other embodiments constructed of any bio-
stable conductor, titantum, palladium, stainless steel, car-
bon, or similar materials, alloys. or composite materials.

h = W
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Once the neural anatomy 1s 1dentified within the vascular
structure, the mapping sleeve 601 is retracted as illustrated
in FIG. 7 exposing an iner sleeve 6035 that includes an
expanding wire member 606. The wire member may be
constructed of any bio-stable compliant metal, nitinol, stain-
less steel, titanium alloys, or plastic material suitable to
expand 1nto position.

As 1llustrated 1n FIG. 8, the expanding wire member 606
in which carries at least one but in the preferred embodi-
ment, plural neuro stimulating electrodes 607. The expand-
ing wire member 606 when 1n the un-deployed state, resides
under the mapping sleeve so that the entire assembly can
negotiate the vascular structure. The wire 606 may be
retained 1n 1ts low-profile configuration through various
mechanism, such as a stylet 608 which may be passed

through one or more retaining loops 609 defined along the
wire 606, as shown 1n the detail view of FIG. 9B. When
deployed, the stylet 608 may be retracted such that the
expanding wire member 606 expands, as shown 1n the detail
view of FIG. 9C, to apply the neurostimulation electrodes
607 against the vascular wall, as shown 1n FIG. 9A. In this
example, the lead 600 may utilize a IS-1 type connector.

FIG. 10 illustrates an embodiment of the deployed neu-
rostimulation electrodes 607 expanded to reside coincident
to the vessel wall 613. In the primary embodiment, the
clectrode wire 606 containing the neurostimulation elec-
trodes 607 have expanded to focus the electrodes 607
current towards the neural anatomy residing outside the
vascular structure. In this variation, the electrode wire 606
and electrodes 607 may be attached or coupled to a con-
ductor cable 610. A push sleeve 611 may be slidingly
positioned proximally or distally of the electrode 607 with a
proximal end of the push sleeve 611 being coupled to a push
rod 612. During lead insertion and intravascular delivery, the
pushing sleeve 611 may remain over the wire 606 and
clectrodes 607. When the electrodes 607 are in position
relative to the tissue wall, the push rod 612 may be actuated
proximally or distally relative to the lead 600 such that the
push sleeve 611 1s moved to expose the wire 606 and
clectrodes 607 which may then be deployed as the sleeve
611 1s, e.g., retracted.

The mapping electrode may be advanced down a previ-
ously implanted cardiac lead body to a point in which neural
structure 1ntersects the vascular structure. The mapping
clectrode 1s used to identity “map” the optimal stimulation
location or optimal location to place the neurostimulation
clectrodes within the vascular structure.

Once the optimal stimulation location 1s 1dentified using
the mapping electrodes, the neurostimulation electrodes are
deployed such that the neurostimulation electrodes are posi-
tioned 1n a location to energize the targeted neural anatomy.

A method of mapping or identifying the nerve 1s devel-
oped where once the electrode 1s near proximity of the
nerve, stimulations of variety of frequencies and amplitude
will be applied 1n certain sequence for optimum nerve
location. The physiological response to mapping procedure
will be monitored and recorded. Once the electrode 1s 1n
optimum location, the electrode location in reference to
other anatomical landmarks are noted and the electrode is
secured. In case of mapping the phrenic nerve, several
physiological parameters including diaphragm movement
and response, flow, tidal volume, lung volume, minute
ventilation, upper airway muscle activity, and similar param-
eters as 1t relates to respiratory parameters will be monitored
in order to identity the optimum electrode placement 1n
reference to the phrenic nerve.
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As a person skilled 1n the art will recognize from the
previous detailed description and figures that modifications
and changes may be made to the preferred embodiments of
the 1nvention without departing from the scope of this
invention defined in the following claims.

We claim:

1. A method for treating respiratory disorders, comprising:

sensing at least one characteristic of a subject’s intrinsic

respiration via one or multiple sensors positioned inter-
nally or externally relative to the subject;

sensing at least one characteristic indicative of the sub-

ject’s intrathoracic pressure; and

stimulating a phrenic nerve of the subject via an electrode

positioned 1n proximity to the phrenic nerve at least
during a portion of the subject’s exhalation and/or the
subject’s rest cycle to maintain a contraction of the
subject’s diaphragm relative to a non-stimulated con-
dition during the subject’s exhalation and/or the sub-
ject’s rest cycle over a sustained period of time via the
clectrode to increase a functional residual capacity of
the subject’s lungs until the subject’s mean or average
intrathoracic pressure 1s decreased.

2. The method of claim 1, wherein the sensed character-
istic of the subject’s 1ntrinsic respiration includes the sub-
ject’s respiratory phase, and wherein the phrenic nerve 1s
stimulated during the portion of the subject’s exhalation
and/or the subject’s rest cycle such that at least one breath
1s augmented to further increase the functional residual
capacity of the subject’s lungs.

3. The method of claim 1, further comprising monitoring,
the subject’s cardiac output by monitoring a signal indica-
tive of one or more of a pulmonary artery pressure, right
ventricle pressure, left atrium pressure, left ventricle pres-
sure, cardiac contractility, and/or cardiac and intrathoracic
impedances.

4. The method of claim 1 wherein the stimulation applied
to the phrenic nerve 1s adjusted 1n response to the at least one
characteristic of a subject’s 1ntrinsic respiration and/or sens-
ing at least one characteristic indicative of the subject’s
intrathoracic pressure such that an 1mitial pressure within a
thoracic chamber 1s reduced.

5. The method of claim 1, wherein the stimulating of the
phrenic nerve comprises stimulating to improve a hemody-
namic parameter of the heart.

6. The method of claim 1, wherein the stimulation applied
to the phrenic nerve 1s adjusted 1n response to the at least one
characteristic of a subject’s 1ntrinsic respiration and/or sens-
ing at least one characteristic indicative of the subject’s
intrathoracic pressure to improve a cardiac output.

7. The method of claim 1, wherein the stimulating of the
phrenic nerve comprises stimulating in an acute or chronic
setting.

8. The method of claim 1, wherein the stimulating of the
phrenic nerve comprises decreasing a right atrial pressure
and 1mproving kidney filtration.

9. The method of claim 1, wherein the stimulating of the
phrenic nerve comprises reducing a cardiac filling pressure
to reduce the subject’s renal pressure.

10. The method of claim 1, wherein the stimulating of the
phrenic nerve comprises modulating or manipulating the
intrathoracic pressure to activate renal sympathetic activity.

11. The method of claim 1, wherein the stimulating of the
phrenic nerve comprises modulating or manipulating the
intrathoracic pressure to activate renal sympathetic activity
such that a kidney glomerular filtration rate (GFR) 1s
increased.
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12. The method of claim 1, wherein stimulating the
phrenic nerve comprises reducing a sympathetic eflerent
outflow to a heart of the patient such that norepinephrine
spillover 1s reduced.

13. The method of claim 1, further comprising reducing a
renal pressure by decreasing the mean or average intratho-
racic pressure to adjust one or more hemodynamic param-
cters of the subject’s heart.

14. The method of claim 1, further comprising further
stimulating the phrenic nerve until a sleep disordered breath-
ing or an episode of sleep apnea 1s reduced 1n the patient.

15. The method of claim 1, wherein the electrode 1s
positioned within a subclavian vessel.

16. The method of claim 15, wherein said stimulating step
comprises positioning the electrode over a cardiac lead
within the subclavian vessel.

17. A device for treating respiratory disorders, compris-
ng:

at least one electrode configured to be positioned in

proximity to a phrenic nerve within a patient’s body
such that the at least one electrode 1s 1n electrical
communication with the phrenic nerve; and

a control unit 1n electrical communication with the at least

one electrode,

wherein the control unit 1s programmed to generate and

deliver an electrical stimulation signal through the at
least one electrode during at least a portion of the
subject’s exhalation and/or the subject’s rest cycle to
maintain a contraction of the subject’s diaphragm rela-
tive to a non-stimulated condition during the subject’s
exhalation and/or the subject’s rest cycle over a sus-
tamned period of time to increase a functional residual
capacity of the patient undergoing intrinsic respiration,
and

wherein the control unit 1s further programmed to deliver

the electrical stimulation signal until a mean or average
intrathoracic pressure, as determined by the control
unit, 1s decreased.

18. The device of claim 17, wherein the control unit 1s
turther programmed to stimulate the phrenic nerve during
the exhalation and/or rest cycle until at least one breath 1s
augmented to further increase the functional residual capac-
ity of the subject.
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19. The device of claim 17, further comprising a cardiac
lead upon which the at least one electrode 1s positionable.

20. The device of claam 17, wherein the control unit
comprises a sensor configured to sense a cardiac related
parameter of the patient.

21. The device of claim 17, wherein the control unit 1s
programmed to deliver the electrical stimulation signal to
cause a diaphragm contraction such that an initial pressure
within a thoracic chamber 1s reduced.

22. The device of claim 17, wherein the control unit 1s
programmed to deliver the electrical stimulation signal to
adjust a hemodynamic parameter of the subject’s heart.

23. The device of claim 17, wherein the control unit 1s
programmed to adjust the electrical stimulation signal in
response to the physiologic parameter to improve a cardiac
output.

24. The device of claim 17, wherein the control unit 1s
programmed to deliver the electrical stimulation signal to
decrease a right atrial pressure and improve kidney filtration.

25. The device of claim 17, wherein the control unit 1s
programmed to deliver the electrical stimulation signal to
reduce a cardiac filling pressure to reduce the renal pressure.

26. The device of claim 17, wherein the control unit 1s
programmed to deliver the electrical stimulation signal to
modulate or manipulate the intrathoracic pressure to activate
renal sympathetic activity.

27. The device of claim 17, wherein the control unit 1s
programmed to deliver the electrical stimulation signal to
modulate or manipulate the intrathoracic pressure to activate
renal sympathetic activity such that a kidney glomerular
filtration rate (GFR) 1s increased.

28. The device of claim 17, wherein the control unit 1s
programmed to deliver the electrical stimulation signal to
reduce a sympathetic eflerent outflow to a heart of the
patient such that norepinephrine spillover 1s reduced.

29. The device of claim 17, wherein the control unit 1s
further programmed to deliver the electrical stimulation
signal until a sleep disordered breathing or an episode of
sleep apnea 1s reduced 1n the patient body.

30. The device of claim 17, wherein the at least one
clectrode configured to be positioned intravascularly within
a subclavian vessel.
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